• Background and Aims Amazonia is a major world centre of plant domestication, but little is known about how the crops were dispersed across the region. Manioc (Manihot esculenta) was domesticated in the south-western Amazon basin, and is the most important staple food crop that originated in Amazonia. Current contrasting distributions may reflect distinct histories of dispersal of bitter and sweet manioc landraces. To produce new insights into the evolutionary history of the crop, we investigated the contemporary genetic diversity and structure of bitter and sweet manioc along major Amazonian rivers.
INTRODUCTION
Plant domestication is a long-term co-evolutionary process in which human and natural selection results in plants more useful to humans and better adapted to domesticated landscapes (Clement, 1999a) . A number of crops of global importance, such as maize (Zea mays), manioc (Manihot esculenta) and potato (Solanum tuberosum), were domesticated in the Americas (Pickersgill, 2007) . Four independent regions of crop domestication in this continent are recognized: eastern North America, Mesoamerica, the Andes and the tropical lowlands of South America (Pickersgill, 2007; Meyer et al., 2012) . In this latter region, Amazonia is a major world centre, where at least 83 native species were domesticated to some degree (Clement, 1999a) , especially in peripheral parts of the basin (Clement et al., 2010) . Among Amazonian food crops, manioc is of great importance in the modern world as the main source of carbohydrates for about 800 million people, and is cultivated across all tropical regions (Lebot, 2009 ).
Molecular studies have contributed to the elucidation of the botanical and geographic origins of many domesticated plants (Meyer and Purugganan, 2013; Larson et al., 2014) . Indeed, the most compelling evidence for the origins of manioc is from genetic studies. The genetic variability found in cultivated manioc is a subset of the genetic variability found in populations of Manihot esculenta ssp. flabellifolia that occur in south-western Amazonia (Olsen and Schaal, 1999, 2001; Olsen, 2004) . These studies strongly suggest that cultivated manioc was domesticated only once from M. esculenta ssp. flabellifolia populations in what is now Rondônia, and adjacent areas of Acre and Mato Grosso in Brazil, and possibly northern Bolivia (Schaal et al., 2006) . Léotard et al. (2009) confirmed the previous studies by analysing a larger sample of ssp. flabellifolia's distribution and including other putative hybridizing Manihot species.
Manioc was domesticated as early as 10 000 years before present (BP) (Olsen and Schaal, 1999) and was dispersed quickly after the initial domestication. Archaeobotanical evidence suggests that manioc crossed the Andes by at least 8000 BP and that it was widely dispersed throughout the Neotropics by 6500 BP (Isendahl, 2011) . Analyses of proto-languages for which it is possible to reconstruct the word 'manioc' suggest a wide distribution of manioc in South America and Mesoamerica before the establishment of sedentary agricultural societies between 4000 and 3000 BP (Brown et al., 2013) . It is possible that these dates do not necessarily reflect the palaeodistribution of domesticated manioc or other useful wild Manihot, but rather of cultivated or gathered forms. This is because Manihot is widely distributed across the Neotropics, and some other species might have been cultivated or gathered before the arrival of modern manioc (Brown et al., 2013) . Despite this evidence, little is known about the genetics of crop dispersal from the centre of origin to other Amazonian regions.
Manioc domestication resulted in two major groups within the crop that differ in their toxicity: sweet manioc and bitter manioc (McKey et al., 2010) . While sweet manioc has low amounts of cyanogenic glycosides (<100 ppm fresh weight) and can be safely consumed with simple processing, bitter manioc demands considerable processing for detoxification due to the large amounts of cyanogenic glycosides (>100 ppm fresh weight; McKey et al., 2010) . These groups of cultivated manioc are readily recognized by farmers and supported by molecular studies (Mühlen et al., 2000; Elias et al., 2004) . Although manioc was domesticated for vegetative propagation, sexual reproduction still plays an important role in the evolution of the crop under traditional cultivation in Amazonia. Flowering opens the possibility of gene flow among distinct landraces, and even with wild species occurring in the surroundings of swiddens (McKey et al., 2012) . The seeds produced become part of the soil seed bank and may sprout amid clonally propagated landraces (Martins, 2001; Pujol et al., 2007; Duputié et al., 2009 ). Farmers, consciously or not, may let the sexual volunteer seedlings grow and after harvesting they may use cuttings of these plants for clonal propagation Rival and McKey, 2008) . Then, farmers may either incorporate the seedlings into an existing variety or create a new variety (Martins, 2001; Duputié et al., 2009) . Sexual reproduction and the incorporation of volunteer seedlings greatly contribute to the maintenance and amplification of genetic diversity of manioc landraces. Moreover, exchange networks of manioc landraces within and among communities of traditional smallholders promote the diffusion of such diversity at a broad geographic scale (Boster, 1986; Chernela, 1986; Oliveira, 2008) . These processes, together with the active selection for diversity and the cultivation of many different landraces in swiddens (Boster, 1985; , are of considerable importance for the conservation of Amazonian manioc's genetic resources.
Currently, bitter and sweet manioc differ in their patterns of occurrence across Amazonia (McKey and Beckerman, 1993; Emperaire, 2001) (Supplementary Data Fig. S1 ). Cultivation of bitter manioc is more frequent along the major rivers in the Amazon basin and along the north-eastern coast of South America. On the other hand, sweet manioc is more frequently cultivated in western Amazonia, in the headwaters of major rivers and, on a smaller scale, where bitter manioc is more frequent. Although these groups overlap completely in Amazonia, the somewhat distinct distributions of bitter and sweet manioc may result from independent dispersal processes and limited interchange of landraces among human populations during the history of manioc's domestication (Emperaire, 2001) . The expansion and migrations of Amerindian peoples certainly contributed to manioc's dispersal, even if the origin and dispersal of some ethnic groups occurred much later than manioc's domestication (Eriksen, 2011) .
The order in which bitter and sweet manioc were selected would have important consequences for the crop's dispersal and for the current patterns of occurrence across Amazonia. McKey and Beckerman (1993) summarize four hypotheses: (1) sweet wild manioc gave rise to sweet manioc, from which bitter manioc was selected; (2) bitter wild gave rise to bitter manioc, from which sweet manioc was selected; (3) sweet wild gave rise to sweet manioc independently of bitter wild, which gave rise to bitter manioc; (4) wild, possibly of intermediate toxicity, gave rise to bitter and sweet manioc simultaneously. Recently, Arroyo-Kalin (2010) proposed that sweet manioc arose first due to selection by small-scale Amazonian populations of forager-incipient agriculturalists. Bitter manioc would have arisen later to sustain larger sedentary societies during the Formative period, starting around 4000-3000 BP, when agriculture was intensified in Amazonia and technology for detoxification was widespread among Amerindians (Arroyo-Kalin, 2010). PerrutLima et al. (2014) showed that current populations of ssp. flabellifolia within the centre of origin of manioc are classified as bitter (tuberous roots containing >100 ppm of HCN on a fresh weight basis). If the populations evaluated in this latter study are typical of the populations of ssp. flabellifolia from which domesticated manioc arose, their results make it possible to discard hypotheses of a wild sweet manioc presented by McKey and Beckerman (1993) . A fifth hypothesis may be formulated based on Arroyo-Kalin (2010) and Perrut-Lima et al. (2014) : (5) wild, possibly of intermediate to high toxicity, gave rise to sweet manioc, from which bitter manioc was selected. Mühlen et al. (2013) , evaluating the genetic diversity of bitter and sweet manioc from 11 ecogeographic regions in Brazil, favoured Arroyo-Kalin's (2010) hypothesis and also suggested that from manioc's centre of domestication sweet and bitter manioc were dispersed independently. While sweet manioc would have been dispersed in all directions, bitter manioc would have been dispersed towards the Brazilian coast, following the major Amazonian rivers. However, this study did not include samples of manioc from the region around the centre of domestication, and some ecogeographic regions, including some in Amazonia, were under-represented.
Knowledge of genetic structure and variation of cultivated populations of a crop is essential for the efficient use of its genetic resources, as well as for the better understanding of its evolutionary history (Vencovsky et al., 2007; Clement et al., 2010) . This study aimed to evaluate how the genetic variability of bitter and sweet manioc is structured along the major rivers of Brazilian Amazonia in order to present new insights into the evolutionary history of the crop. Genetic variability was assessed with chloroplast (cpSSR) and nuclear (nSSR) microsatellites. Because cpSSRs are haploid, generally maternally inherited and non-recombinant, they provide information about ancient historical relationships among matrilineages, while nSSRs, which are codominant and hypervariable markers, are suitable for the evaluation of contemporary patterns of genetic structure (Freeland et al., 2011) . The information presented in this study is discussed in terms of manioc's dispersal along major Amazonian rivers from its centre of origin in south-western Amazonia.
MATERIALS AND METHODS

Sampling sites
Communities of smallholder farmers in 44 municipalities along major Amazonian rivers (Negro, Branco, Madeira, Solimões and Amazonas), in southern Rondônia (hereafter Guaporé) and in north-eastern Pará (hereafter Pará) states were visited ( Fig. 1 ; Supplementary Data Table S1 ). A total of 596 individuals were collected: 325 bitter manioc, 226 sweet manioc, 17 non-designated (found outside swiddens and home gardens, and thus without associated traditional knowledge) and 28 Manihot esculenta ssp. flabellifolia (hereafter wild manioc). Table S1 ). Geographic locations of collection sites were recorded with a GPS. Leaf samples were dehydrated with silica gel and, after fieldwork, they were maintained at −20 °C until DNA extraction. Samples were exclusively of leaves and photographs to meet Resolution 21 requirements for basic research and were exempted from authorization by Brazil's Council for Genetic Patrimony (CGEN in the Brazilian acronym), which was consulted before fieldwork. Considering Resolution 21, it is also important to state that collecting was performed only in communities of riverine smallholder farmers (caboclos) because sampling among other cultural groups (e.g. Amerindians) requires a different authorization.
DNA extraction and quantification
Total genomic DNA was extracted from 50 mg of manioc leaf tissue using the CTAB protocol (Doyle and Doyle, 1990) . DNA quality and quantity were evaluated by electrophoresis in agarose 1 % (w/v) gels stained with SYBR Safe DNA (Invitrogen) by comparison with phage λ molecular size standards (Invitrogen).
Chloroplast microsatellites
Four universal cpSSR primers for dicotyledons were used: ccmp05, 06, 10 (Weising and Gardner, 1999) and ccSSR07 (Chung and Staub, 2003) . Polymerase chain reactions (PCRs) contained 10 ng of genomic DNA, 1 × buffer (10 mm Tris-HCl, pH 8.3; 50 mm KCl; 1.5 mm MgCl 2 ), 2.5 ng of bovine serum albumin, 2.5 mm MgCl 2 , 20 µm of each dNTP, 1.6 pmol of forward primer, 2 pmol of reverse primer, 1.5 pmol of M13 (-29) primer (5′-CACGACGTTGTAAAACGAC-3′) and 1 U of Taq DNA polymerase. Amplifications were performed in a final 
Nuclear microsatellites
A set of 14 nSSRs was used: GA12, 21, 126, 131, 134, 136, 140, GAGG5 (Chavarriaga-Aguirre et al., 1998), SSRY13, 20, 32, 70, 89 and 164 (Mba et al., 2001) . Each nSSR forward primer was modified with a specific fluorescent dye (6-FAM, NED or HEX). Amplifications of nSSRs were performed in a final volume of 10 µL in a ProFlex (Applied Biosystems) thermocycler as described by Alves-Pereira et al. (2011) . PCR products were multiplexed and nSSR fragments were detected in an ABI 3500xL (Applied Biosystems) automated DNA sequencer. Alleles were scored by size of PCR fragments with GeneMapper v.4.0 (Applied Biosystems) with the aid of the GeneScan 500 ROX Size Standard (Applied Biosystems).
Haplotype diversity analysis
Haplotypes of cpSSRs and estimates of haplotype diversity, described as the total number of haplotypes (NH) and haplotype diversity (H Ehap ), were obtained with GenAlEx 6.5 (Peakall and Smouse, 2012) . The distribution of haplotype variation within and among hierarchical groups of bitter and sweet manioc was evaluated by analysis of molecular variance (AMOVA; Michalakis and Excoffier, 1996) with Arlequin 3.5 (Excoffier and Lischer, 2010) . The significance of divergence estimates was tested with 20 000 permutations. Haplotype relationships were examined with a median-joining network (Bandelt et al., 1999) built into Network 5 (http://www.fluxus-engineering. com). Alleles were coded as the length of cpSSR fragments, and a weight of 1 was given for each 1-bp mutation. This haplotype network is a visual representation of both similarities and frequencies of cpSSR haplotypes across sweet, bitter and wild manioc. Estimates of haplotype diversity, AMOVAs and the haplotype network considered only the individuals with no missing data (N = 581).
Genetic structure based on haplotype variation was evaluated using discriminant analysis of principal components (DAPC; Jombart et al., 2010) with adegenet 2.0.0 (Jombart and Ahmed, 2011) for R (R Core Team, 2015) . DAPC does not have strong assumptions, such as minimization of linkage disequilibrium and Hardy-Weinberg equilibrium within clusters (Jombart et al., 2010) . DAPC searches for linear combinations of alleles that summarize the maximum variation between groups, while minimizing within-group differences (Roullier et al., 2013) . DAPC requires a number of a priori groupings of individuals, and adegenet proposes the use of K-means clustering of principal components, based on the Bayesian information criterion (BIC), to assess the best number of clusters. This procedure was performed to assign individuals to genetic clusters and to investigate the genetic relationships and admixture among individuals of bitter, sweet and wild manioc.
Genetic diversity analysis
Genetic diversity revealed by nSSRs was described by estimating the number of multilocus genotypes (MLGs, considering only individuals with no missing data, N = 551), total number of alleles (A), number of private alleles (A P ), allelic
, where N is the number of occurrences of the ith allele among the N sampled g genes by rarefaction (El Mousadik and Petit, 1996) ] and observed (H O ) and expected (H E ) heterozygosities. Wright's (1965) inbreeding coefficient (F) was also estimated. While MLGs are an estimate of clonal diversity, A, A P and A R are used to describe the diversity of alleles present at nSSR loci, and H O , H E and F measure the mean intra-individual diversity across manioc groups. Estimations and confidence intervals for A R and F, based upon 1000 bootstrap replicates, were obtained with diveRsity (Keenan et al., 2013) and poppr (Kamvar et al., 2014) for R (R Core Team, 2015) . Spatial representations of diversity based on the numbers of MLGs and allelic richness were evaluated for bitter and sweet manioc with point-to-grid analyses in DIVA-GIS (www.divagis.org). Considering the sampling locations of bitter and sweet manioc, grids with 10′ diameter cells (~18 km), and a circular neighbourhood of 0.45045° (~50 km) were constructed. With these options, each cell receives the value of the number of MLGs or alleles found within the cell alone (18 km) plus adjacent areas within a circle of 50 km (Scheldeman and van Zonneveld, 2010) . In this way, circular neighbourhoods are expected to produce grids with low probability of losing spatial resolution (Scheldeman and van Zonneveld, 2010) . For the distribution of MLGs, grids were constructed based on Shannon indexes (Brown and Weir, 1983) considering the total number of MLGs within cells. For the spatial analysis of allelic richness, DIVA-GIS employs the method described by Petit et al. (1998) , which is the same method of estimation of A R from El Mousadik and Petit (1996) . Therefore, this statistic will be referred to hereafter as 'spatial allelic richness' (spA R ) when referring to the spatial analyses performed in DIVA-GIS. Representation of spA R was performed building grids of 0.45045° diameter cells because it cannot be estimated with circular neighbourhoods in DIVA-GIS. Hierarchical distribution of genetic variation within and among groups of manioc was evaluated using locus-bylocus AMOVA with Arlequin 3.5 (Excoffier and Lischer, 2010) . The significance of divergence estimates was tested with 20 000 permutations. Pairwise genetic differentiation among bitter, sweet and wild manioc and among manioc from different rivers were estimated with Weir and Cockerham's (1984) F ST . Estimations and tests for significance based upon 1000 bootstrap replicates were performed with diveRsity (Keenan et al., 2013) . Heat maps were drawn with R (R Core Team, 2015) for the graphical representation of pairwise F ST estimates.
Genetic structure based on nSSR variation was evaluated with DAPCs, in the same way as described for cpSSRs. DAPCs were performed considering all the 596 wild and cultivated maniocs; only the 325 bitter maniocs; and only the 226 sweet maniocs. Spatial patterns of genetic structure of bitter and sweet maniocs obtained with DAPCs were evaluated with point-to-grid analyses in DIVA-GIS (www.diva-gis.org). Grids with 10′ diameter cells and circular neighbourhoods of 0.45045° were generated. Each cell contained the average individuals' membership coefficients to genetic clusters identified in DAPCs. All the maps were produced with DIVA-GIS (www.diva-gis.org) and drawn with maptools (Bivand and Lewin-Koh, 2015) for R (R Core Team, 2015) .
Genetic relationships and divergence among individuals and rivers were investigated with neighbour-joining (Saitou and Nei, 1987) dendrograms built with PHYLIP 3.5 (Felsenstein, 2005) , based on the chord distance (D CE ) of Cavalli-Sforza and Edwards (1967) obtained with MSA 4.05 (Dieringer and Schlötterer, 2003) . D CE is based on geometric distances and performs well for the reconstruction of relationships among closely related individuals (Goldstein and Pollock, 1997; Reif et al., 2005) . Confidence of relationships was assessed with 1000 bootstrap replicates. Final trees were formatted in FigTree 1.4.1 (http://tree.bio.ed.ac.uk/software/figtree/).
We recognize that it may be difficult to regard sets of manioc landraces as true 'populations'. However, these analyses aimed to describe the genetic diversity found within 'synthetic groups' of manioc according to their toxicity and/or river. Although manioc is a clonally propagated crop, sexual reproduction still occurs (McKey et al., 2010) , and social networks contribute to the exchange of landraces even over large distances (Delêtre et al., 2011) , which may contribute to some degree of connectivity among the synthetic groups discussed below. Because some bias may be introduced by the presence of samples with the same MLG, clustering analyses, AMOVAs and F ST estimations were also performed retaining only one individual for each MLG. Nonetheless, results followed the same general patterns (data not shown) and are available upon request from the corresponding author. Passport data and cpSSR and nSSR genotypes used to perform the analyses of this study are in Supplementary Data Table S1 .
RESULTS
Haplotype diversity and structuring of manioc based on cpSSR variation
A total of 11 distinct cpSSR haplotypes were found ( Fig. 2A) . Of these, six were shared among bitter and sweet manioc, including haplotype G, the most frequent one. Haplotype C occurred in all but one individual of wild manioc, which had haplotype F. These two haplotypes were also present in bitter and sweet manioc from different rivers (Fig. 2B, C) . Sweet manioc had nine haplotypes while bitter manioc had eight, and haplotype diversity was higher for cultivated manioc than for wild manioc, certainly because of the smaller sample size for the latter (Table 1) . Disregarding non-designated samples, three haplotypes occurred only in sweet manioc, while two haplotypes occurred only in bitter manioc. These exclusive haplotypes were all of minor frequency ( Fig. 2A , Supplementary Data Table S2 ).
In general, haplotype G was widely dispersed along the Negro, Madeira, Solimões and Amazonas rivers, leading to a somewhat homogeneous distribution of haplotypes across these different rivers (Fig. 2B, C) . Bitter and sweet maniocs from the Branco river were more diverse than those from other rivers, still with the predominance of haplotype G, but with greater frequency of occurrence of haplotypes C and J. Bitter manioc from mid-lower Madeira river also had a high number of haplotypes. Remarkable exceptions to the large predominance of haplotype G are most of the bitter and sweet maniocs from Pará and from the municipality of São Gabriel da Cachoeira, in the upper Negro River, which shared haplotype F (distinct from haplotype G by a 1-bp mutation). Interestingly, haplotype F was also shared by one wild manioc individual ( Fig. 2A) . Although the primary wild haplotype was present in minor frequencies in other rivers, most cultivated maniocs with haplotype C occurred along the Branco River. The spatial distribution of haplotypes was reflected in genetic clusters found in DAPC, which revealed no genetic structure among rivers (Supplementary Data Fig. S2 , Supplementary Data Table S3 ).
According to AMOVA, cultivated and wild manioc were highly divergent (Φ ST = 0.667; Table 2 ), while bitter and sweet maniocs were not very divergent (Φ ST = 0.005), since they shared the most frequent haplotypes. Divergence among different rivers was low (Φ ST = 0.084) yet significant, but most of it may be attributed to divergence between bitter and sweet maniocs within rivers (Φ SC = 0.058). When maniocs from the Guaporé and Pará were included in the latter analysis, an increased divergence (Φ ST = 0.247) was observed due to the predominance of haplotype F in Pará.
Genetic diversity and structuring of manioc based on nSSR variation
Considering the 551 individuals with no missing data, 351 MLGs were found (Table 1 ). All the wild manioc individuals (N = 21) had distinct MLGs, and bitter manioc had proportionally more MLGs in relation to sample size (N = 304, MLG = 227) than sweet manioc (N = 209, MLG = 104), again perhaps due to sampling differences. The spatial distribution of MLG diversity was somewhat different between bitter and sweet manioc (Fig. 3A, B) . For bitter manioc, the diversity of MLGs was higher along the middle Madeira and mid-upper Negro Rivers than in other locations (Fig. 3A) . Sweet manioc from the Branco River showed higher diversity of MLGs than other locations (Fig. 3B) . Contrasting spatial patterns were also observed for spatial allelic richness (spA R ) of bitter and sweet manioc (Fig. 3C, D) . For bitter manioc, high spA R was observed along the Madeira River and in a few locations along the Solimões and Amazonas Rivers (Fig. 3C ). Just as for MLG diversity, sweet manioc from the Branco River showed higher spA R than sweet manioc from other locations (Fig. 3D) .
Bitter and sweet manioc had similar numbers of alleles and allelic richness, but sweet manioc had a significant excess of heterozygotes, while bitter manioc had a low, yet significant, heterozygote deficit (F = −0.164 and 0.065, respectively). Cultivated manioc had higher genetic diversity than wild manioc, although the difference decreased when comparing wild with bitter and sweet manioc separately. Wild manioc had a greater number of private alleles than bitter and sweet manioc, but had the greatest heterozygote deficit (Table 1) . Sweet manioc from all the rivers, Guaporé and Pará had a remarkable excess of heterozygotes. Vernacular names of the sampled landraces were neither widely distributed nor associated with specific MLGs. Most of these were identified simply as macaxeira or mandioca: sweet (75 of 209) or bitter (54 of 304) manioc, respectively. For bitter manioc, the most common vernacular names were registered no more than 14 times, and were locally concentrated, while the most common MLG occurred only eight times. For sweet manioc, both the most frequent vernacular names and the most frequent MLGs appear to be spread across the Madeira and Branco Rivers, but still with low counts (Supplementary Data  Fig. S3) .
Only a few of the genetic distances among bitter and sweet manioc MLGs were small (D CE <0.1), and the great majority of pairwise comparisons had intermediate values (0.4 < D CE < 0.6). Some of the most frequent MLGs of bitter and sweet manioc were very similar (D CE <0.05), but most of the pairwise genetic distances were intermediate to high (Supplementary  Data Fig. S3 ). AMOVAs revealed that the highest divergence based on nSSR was between wild and cultivated manioc (Φ ST = 0.279), followed by the divergence between bitter and sweet manioc (Φ ST = 0.083; Table 2 ). Similar degrees of divergence were found among rivers and among all locations, but most of these may be attributed to genetic differences between bitter and sweet manioc within locations, given the Φ SC estimates (0.122 for rivers, 0.119 for all locations; Table 2 ). Pairwise F ST estimates also showed high divergence between cultivated and wild manioc (Fig. 4) . Most F ST estimates were low, yet significant. In general, manioc from Guaporé showed the highest levels of genetic differentiation in relation to the major Amazonian rivers. Additionally, divergence among bitter and sweet manioc from different rivers was generally higher than the comparisons among bitter (or among sweet) manioc from different rivers.
The K-means algorithm suggested the existence of three clusters in the DAPC performed for the whole set of individuals (Fig. 5A) , which had good concordance with wild, bitter and sweet manioc. Among sweet maniocs, 72.5 % were allocated in the first cluster, while 89.5 % of the bitter maniocs were in the third cluster. Except for one individual, which was more related to bitter manioc, all wild maniocs formed a very distinct cluster (Fig. 5A, Supplementary Data Fig. S4 , Supplementary Data Table S3 ). DAPC also suggested a considerable degree of admixture among bitter and sweet maniocs ( Supplementary  Data Fig. S4 ).
When DAPC was performed separately for bitter and for sweet manioc, each analysis showed three clusters (Fig. 5B, C ). There were no clear spatial concordances between sampling locations and genetic clusters within bitter and sweet maniocs (Fig. 5D, E) . However, the spatial distribution of membership coefficients revealed some tendencies. In both analyses, bitter and sweet maniocs from the Madeira River were present in all clusters, and sweet maniocs of the Amazonas and Branco Rivers were also present in the three clusters (Fig. 5B, C) . Considering the arbitrary threshold of 80 % for the membership coefficients, bitter maniocs from the mid-lower Solimões, upper Amazonas and upper Branco Rivers were preferentially assigned to the first cluster (Fig. 5B, D) . Bitter maniocs from the upper Madeira River and the Guaporé and Pará regions were preferentially distributed in the second cluster. Bitter maniocs from the upper Negro River tended to be allocated to the third cluster (Fig. 5B , D). Tendencies observed for the genetic structure of sweet manioc were somewhat less evident than those observed for bitter manioc (Fig. 5C, E) . Sweet maniocs from the mid-lower Solimões and Amazonas Rivers had high membership coefficients in the first cluster, which also presented individuals from the middle Madeira River with high memberships. Some sweet maniocs scattered along the Negro, Branco and Madeira Rivers had higher membership coefficients in the second DAPC cluster (Fig. 5C, E) . Sweet manioc from the upper Madeira River was more frequent in the third cluster, which also contained maniocs from the Negro, Branco and middle Madeira Rivers and from Guaporé and Pará. The dendrogram demonstrated that bitter manioc from major Amazonian rivers formed a consistent group that is closely related to wild manioc (Fig. 6A ). Sweet manioc from major Amazonian rivers formed a less consistent group, in which bitter manioc from Guaporé is inserted. This surprising group is closely related to the sweet manioc from Guaporé and Pará, followed by bitter manioc from Pará. Because major Amazonian rivers were likely important for dispersals of manioc, and since the numbers of samples from Guaporé and Pará were much smaller than the number of samples from the rivers, another dendrogram was built including only manioc from the major Amazonian rivers. In this latter dendrogram, bitter and sweet manioc form two consistent and well-supported groups, which are equally related to wild manioc (Fig. 6B) . Additionally, sweet manioc from the Madeira and Branco Rivers showed a closer relationship to wild manioc in comparison with Fig. 6A . In both dendrograms, bitter manioc from the Madeira River is closer to wild manioc than are the bitter maniocs from the other rivers. However, higher internal support was found in Fig. 6B than in Fig. 6A . A dendrogram depicting relationships among individuals agreed with DAPC results, showing a consistent grouping of wild manioc and admixture among bitter and sweet maniocs (Supplementary Data Fig. S5 ).
DISCUSSION
Diversification of bitter and sweet manioc in Amazonia
Sweet manioc had greater observed heterozygosity and lower inbreeding coefficient (H O = 0.691, F = −0.164) than bitter manioc (H O = 0.573, F = 0.065). Although little discussed, similar findings were reported in previous studies with Brazilian maniocs (Elias et al., 2004; Peroni et al., 2007) , but not for maniocs from different countries (Bradbury et al., 2013) . At small time scales (successive cycles of cultivation), many factors may lead to increasing heterozygosity in manioc. Among these, the indirect selection for heterozygotes in manioc swiddens (Pujol et al., 2005; Pujol and McKey, 2006) of domestication and diversification of manioc), these factors and the occurrence of somatic mutations (McKey et al., 2012) may lead to an even more pronounced increase in the heterozygosity. Arroyo-Kalin (2010) suggested early selection of sweet manioc after the initial domestication, and subsequent selection of bitter manioc, which may imply a temporal gap between dispersals and diversification times of sweet and bitter manioc. Therefore, the greater levels of heterozygosity found for sweet manioc may be a signature of a greater diversification period after its creation than that of bitter manioc. Although far from being a general tendency, the occurrence of the most frequent sweet manioc MLGs in a wider spatial range and at higher frequencies than the bitter manioc MLGs may corroborate this scenario. Considering that bitter manioc became more important than sweet manioc in Brazilian Amazonia, the former may have been subjected to more intensive selection pressures and may have undergone a greater number of genetic bottlenecks than the latter. This may have led to the higher deficit of heterozygotes observed for bitter than for sweet manioc.
On the other hand, neighbour-joining analysis of the whole set of individuals (Fig. 6A, Supplementary Data Fig. S5 ) suggests that bitter manioc is less divergent from wild manioc than is sweet manioc. These results agree with Perrut-Lima et al. (2014) , who classified as bitter the roots of M. esculenta ssp. flabellifolia from Rondônia state in Brazil, including populations from the municipality where most of the wild manioc was sampled in our study. However, this pattern is not present in Fig. 6B , where bitter and sweet maniocs from the major Amazonian rivers were equally related to wild manioc. Although these results failed to support Arroyo-Kalin's (2010) hypothesis, it cannot be discarded because sweet manioc from other locations around the centre of domestication may be genetically closer to wild manioc than was sweet manioc sampled in this study, as observed by Mühlen et al. (2013) .
The spatial distribution of genetic diversity is different for bitter and sweet manioc (Figs 2 and 3) . High haplotype diversity of bitter and sweet manioc from the Branco River may be the result of the great environmental heterogeneity of this region, including areas of Amazonian rainforest and savannahs. This may also result from the great socio-diversity that existed in this area during pre-Columbian times (i.e. before 1492), with the occurrence of Arawak, Carib and other unassociated languages (Eriksen, 2011) . High diversity of MLGs in bitter manioc from the Negro River agrees with the results of Mühlen et al. (2013) , and also may reflect the occurrence of pre-Columbian Arawak speakers (Eriksen, 2011) . It may be worth asking whether manioc landraces sampled from riverine non-indigenous communities of smallholder farmers reflect the indigenous diversity of manioc that was once dispersed and selected by native Amerindian peoples. Some authors have commented on the importance of matrilineal and kin heritage, and exchange networks of local landraces among indigenous and non-indigenous communities for obtaining and managing of manioc (Salick et al., 1997; Heckler and Zent, 2008; Coomes, 2010) . It is reasonable to suggest that during the post-conquest occupation of Amazonia (after the 15th century), inter-ethnic marriages between Amerindians and Europeans was accompanied by the inheritance of indigenous manioc landraces. This probably occurred many times in different parts of Amazonia. The indigenous manioc landraces, as well as the management practices, were likely the original sources of the current landraces cultivated by smallholder farmers in Amazonia. This appears to be supported by genetic evidence. Elias et al. (2004) showed considerable overlap and close genetic relationships among manioc landraces from indigenous, mixed-race and riverine populations of Brazilian Amazonia and Guyana. It is therefore reasonable to assume that the current manioc landraces cultivated across Amazonia are largely a legacy of Native Amazonians. Therefore, the current patterns of genetic structure and diversity of manioc landraces cultivated by smallholder farmers may be a good approximation of that expected for Native Amazonian manioc landraces. Nevertheless, studies including indigenous landraces would improve our understanding of the genetic structure and diversity of manioc in Amazonia.
Some expected results were observed in this study. Incomplete lineage sorting due to common ancestry with M. esculenta ssp. flabellifolia (Olsen and Schaal, 1999) may explain the occurrence of the primary haplotype of wild manioc in bitter and sweet manioc. Selection for different characteristics due to local preferences of farmers (Miller and Schaal, 2005) and sampling of a small fraction of wild manioc's distribution (Léotard et al., 2009 ) may explain the higher haplotype and genetic diversity found in cultivated manioc than in wild manioc. The high levels of inbreeding in wild manioc may be due to the occurrence of auto-compatibility and short-distance dispersal of seeds (Olsen and Schaal, 2001) . Naming of manioc landraces is influenced by many different factors, and different farmers may manage the same genotype under different vernacular names (Boster, 1985; Salick et al., 1997; Alves-Pereira et al., 2011 , 2017 . Therefore, it is not surprising that vernacular names are not associated with specific MLGs. Given the predominance of bitter manioc cultivation in Brazilian Amazonia, it is very likely that the collection of many landraces named simply as macaxeira (sweet) or mandioca (bitter) is a reflection of the preference for cultivation of either manioc type.
Evidence of hybridization between bitter and sweet manioc is commonly observed in molecular studies (Bradbury et al., 2013; Mühlen et al., 2013) . The great overlap observed among cpSSR matrilineages of bitter and sweet manioc was also observed for nuclear diversity, suggesting that gene flow and incorporation of volunteer seedlings (Martins, 2001; Duputié et al., 2009 ) occurs frequently along the major Amazonian rivers. Probability of gene flow increases when bitter and sweet manioc are cultivated in the same field, which was observed sometimes during sampling. However, bitter manioc is commonly cultivated in swiddens farther from house units than in home gardens, where sweet manioc is typically cultivated (McKey and Beckerman, 1993; . It is possible that pollination by small insects (Lebot, 2009) and even seed dispersal by ants are effective in connecting swiddens and home gardens within communities of smallholder farmers. Exchange networks of manioc stem cuttings (Coomes, 2010; Delêtre et al., 2011) extend gene flow and hybridization among unrelated manioc landraces over greater geographic scales. Nonetheless, genetic divergence between bitter and sweet manioc is still considerable (Φ ST(nSSR) = 0.083), corroborating their recognition by smallholder farmers (Martins, 2001) . The intermediate to high genetic distances observed among bitter and sweet manioc MLGs also shows this differentiation, and suggests that bitter and sweet manioc are actively selected for diversity and distinction (Boster, 1985; Duputié et al., 2009) . Differential management and selective pressures, such as cultivation in separated areas (Martins, 2001 ) and selection for low/high toxicity levels (McKey and Beckerman, 1993) , explains why hybridization has not effaced the genetic differentiation between sweet and bitter manioc.
Genetic structure of bitter and sweet manioc: considerations on the crop's dispersal
The wide distribution of the most common haplotype of cultivated manioc suggests ample dispersal along the major Amazonian rivers long before European arrival in the Americas at the end of the 15th century, just as observed for sweet potato (Roullier et al., 2011) . The strong genetic divergence observed between wild (M. esculenta ssp. flabellifolia) and cultivated manioc may also reflect the antiquity of manioc domestication (10 000-9 000 BP; Olsen and Schaal, 1999) . These results agree with evidence for an early ample dispersal of manioc across the Neotropics by 6500 BP (Isendahl, 2011) .
Contemporary patterns of genetic diversity and structure of cultivated plants reflect prehistoric processes associated with domestication, such as those affecting patterns of dispersal from the geographic origins of crops (Miller and Schaal, 2005; Roullier et al., 2011) . The absence of clear patterns of haplotype and genetic structure among rivers observed in this study does not permit direct inferences about how the dispersal of manioc occurred. The ample dispersion of manioc from the Madeira River in the DAPC clusters (Fig. 5B, C) , and their closer position in relation to wild manioc in the dendrogram (Fig. 6B ) suggest that this river was important for northward dispersal of bitter and sweet manioc to the other major Amazonian rivers. The Madeira River was a route for northward and eastward dispersals of peach palm (Bactris gasipaes) (Cristo-Araújo et al., 2013) , another important Amazonian crop. According to these authors, molecular data suggest a single domestication for peach palm somewhere in the upper Madeira River and adjacent areas in Peru, an area that partially overlaps manioc's centre of domestication. Given their prominence as centres of crop diversity (Clement, 1999b) , the major Amazonian rivers were probably important routes for the dispersals of many crops that were domesticated in the periphery of the Amazon basin (Clement et al., 2010) .
The somewhat different spatial patterns of distribution of genetic diversity and structure of bitter and sweet manioc may result from distinct dispersal histories, which agrees with Mühlen et al. (2013) . For peach palm (B. gasipaes), different molecular analyses identified a deep split between eastern Amazonian landraces and those from western and central Amazonia (Rodrigues et al., 2004; Hernández-Ugalde et al., 2011; Cristo-Araújo et al., 2013) . Just as for manioc, the genetic structure and diversity of peach palm across these regions may also reflect distinct patterns of dispersals, although they may also reflect selection for different preferences, as discussed below. The wide dispersal of Brazil nut (Bertholletia excelsa) across Amazonia has been recognized as human-mediated (Shepard and Ramirez, 2011) , and genetic studies contributed to this conclusion (Kanashiro et al., 1997; Gribel et al., 2007) . However, the sampling of very disjunct populations and the high levels of genetic structure (Sujii et al., 2015) complicate inferences on how the dispersal of Brazil nut occurred.
In this study, no phylogeographic patterns were detected for matrilineages of manioc from different Amazonian rivers, and the genetic divergence among rivers was superimposed on the bitter-sweet distinction. However, somewhat different genetic structure within bitter and sweet manioc was observed (Fig. 5D, E) . The distinct DAPC cluster of bitter manioc from the Negro River may reflect adaptations to the low-fertility and highly acidic sandy soils of this region. This might not be a general tendency, though, since sweet maniocs from the Negro River were allocated into two different genetic clusters (Fig. 5E ). These patterns of genetic structure within bitter and sweet manioc may also reflect the great diversity of ethnic groups in pre-Columbian Amazonia. Manioc cultivation, distribution and consumption were primary factors for the sustenance of Amazonian complex societies (Heckenberger, 1998) . The expansion and diffusion of indigenous populations in Amazonia occurred much later than the domestication of manioc (Eriksen, 2011) , but it is possible that different ethnic populations created distinct sets of manioc landraces in response to different cultural preferences (Boster, 1985; Heckler and Zent, 2008; Peña-Venegas et al., 2014) . Eriksen (2011) discusses the great ethnolinguistic diversity in preColumbian Amazonia and highlights the fact that Arawakan groups were prevalent along the Negro River: these peoples might have been responsible for the distinctiveness of bitter manioc in this region. However, both bitter and sweet manioc from the upper Madeira River tended to form a consistent geographic cluster (Fig. 5D, E) , but a mosaic of Arawak, Tupi and Panoan peoples occupied this region at the time of European conquest (Eriksen, 2011) . Thus, prehistoric linguistics alone cannot explain the patterns observed and certainly does not explain the lack of patterns.
It is probable that ethnic preferences were important for the dispersal patterns of Amazonian crops (Clement et al., 2010) . However, it is also possible that more recent historical processes than the dispersal of manioc by native Amazonian peoples have blurred the signatures of different dispersals. The rivers included in this study had great importance as preColumbian centres of Amazonian crop diversity (Clement et al., 2010) . Valleys of these rivers presented high population densities and intensification of agriculture, which created centres of crop genetic diversity (Clement, 1999b) . Through exchange networks, these centres and regions of crop diversity might have collaborated to homogenize sets of manioc landraces created by different pre-Columbian peoples. The post-European conquest period (1541-1616) and subsequent colonization (1616-1850) also had an enormous impact on Amazonian indigenous populations, which were reduced by 90-95 % during the two centuries following European colonization (Eriksen, 2011) . This drastic population decrease was very likely associated with the loss of a great proportion of the diversity of Amazonian crops, and resulted in the movement of survivor populations (Clement, 1999b) . The movement of indigenous peoples during the colonial period in Brazil (1616-1850) certainly altered the distribution of their manioc landraces, and may have contributed to the weak genetic structure among rivers. Even more recently, the 'rubber boom ' (1850-1920) caused massive human migration from north-eastern Brazil to different regions in Amazonia. The great influence of north-eastern Brazilian migrants in the production of manioc flour in the upper Juruá River in southwestern Amazonia (Emperaire et al., 2012) exemplifies the role of migrants in the management of Amazonian manioc landraces. Migrants certainly contributed to the diffusion of manioc landraces, which may also have reduced genetic structure among rivers. The occurrence of haplotype F in manioc from the upper Negro River and Pará (Fig. 2B, C) may be an example of the impact of human movements on the introduction of manioc from one region to the other. In this case, homoplasy and hybridization with wild manioc are also possible explanations. Frequent germplasm exchange and the migration of human populations are important factors for the absence of clear regional structure of manioc, as suggested by several other studies (Siqueira et al., 2009; Oliveira et al., 2014; Carmo et al., 2015) . Recently, Neves (2013) proposed that the advent of predominantly agriculture-based economies in Amazonia occurred only after European conquest in the 15th century. Extensive manioc-based agriculture, typical of Amazonia, would be associated with demographic and technological changes brought by European peoples (Neves, 2013) . In this scenario, it is more likely that the patterns of genetic diversity and structure of Amazonian manioc are explained by post-European conquest events in the history of domestication rather than by any signatures of the crop's early dispersal. Approaches relying on ancient DNA, such as those employed by Roullier et al. (2013) with sweet potato, may be useful to better understand the role of post-European conquest historical processes in shaping current patterns of genetic structure of manioc and other Amazonian crops.
Understanding how genetic diversity of manioc is distributed and structured across Amazonia also has practical importance, since it may be useful for prospection of manioc landraces aiming to conserve the crop's genetic resources. Moreover, the results found here are important not only for the better understanding of manioc's evolutionary history. It is possible that other Amazonian crops that were domesticated near the area of manioc origin and were important for indigenous peoples as well, such as peanuts (Arachis hypogaea) and Capsicum peppers, spread in association with manioc (Pickersgill, 2007) . Whether the same patterns exist for these crops remains to be tested, but investigations like this would be valuable for understanding how prehistoric Amazonian peoples managed their crops. At the same time, such approaches serve to illustrate the valuable role of current populations of smallholder farmers in the maintenance of the impressive diversity of their native Amazonian crops.
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